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Direct Searches for Low-Mass New Physics
• Models inspired by astrophysical and astro-particle 

observations
 Strongest hint: INTEGRAL 511 keV anomaly
 Also positron, γ-ray excess in PAMELA, FERMI
 Hints of low-mass direct DM detection (DAMA, CoGeNT, 

CRESST)
 Typical models: low-mass (<10 GeV) gauge bosons and/or scalars (Higgs)
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Courtesy N.Weiner



9/11/2013 Yury Kolomensky,TAUP-2013

3

Examples

Non-singlet fraction (cosθA)

mA0<2mτ

2mτ<mA0<7.5 GeV
7.5 GeV<mA0<8.8 GeV
8.8 GeV<mA0<9.2 GeV

R.Dermisek et al
PRD76, 051105 (2007)

BR
(ϒ

γA

0 )

• Models with low-mass dark matter and/or 
gauge bosons
 E.g. “Dark Sector” 

• NMSSM models with light CP-odd Higgs
 Solve fine-tuning problems in MSSM
 CP-odd Higgs, A0, below 2mb is not 

constrained by LEP 
Large BR for ϒγA0 possible

• Accessible at B-Factories in e+e– 
annihilation or bottomonium decays
 Subject of a comprehensive campaign 

of searches in BaBar since 2008
7 publications, 2 prelim. results, 

several ongoing analyses
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Upsilon Resonances
• Electron-Positron collider:  e+e- → γ* → ϒ(nS)

CESR
CLEO

Γ1S,2S,3S ~ 20–50 keV

Beam energy spread ~ 5 MeV
Large natural width
Γ4S ~ 20 MeV

CUSB
CESR
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Upsilon Resonances
• Electron-Positron collider:  e+e- → γ* → ϒ(nS)

CESR
CLEO

For any bottomonium process BFnS=ΓnS/Γtot >> BF4S, n=1,2,3
Significantly better sensitivity to direct production of light degrees of 
freedom @ narrow resonances. Focus of BaBar’s Run7 (2008)

Γ1S,2S,3S ~ 20–50 keV

Beam energy spread ~ 5 MeV
Large natural width
Γ4S ~ 20 MeV

CUSB
CESR
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BaBar Experiment
5
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~3 mwe overburden

BaBar dataset: ~520 fb-1 total collected luminosity
~470M ϒ(4S) decays
~120M ϒ(3S) decays
~100M ϒ(2S) decays
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Searches for Dark Matter Production
• Generic model: DM particle χ with mχ<mϒ/2

 Plus a new scalar (A0) or vector (A’) particle to 
mediate s-channel annihilation
 On-shell: mχ<mA/2<mϒ/2: resonant decays of ϒ 
 Off-shell (mχ<mϒ/2<mA/2): non-resonant decays

• Signatures and predicted rates: 
 Invisible decays of ϒ with BF >> BF(ϒ→νν) 
 BF(ϒ→χχ)~4⨯10–4-2⨯10–3 [McElrath, PRD 72, 103508 

(2005)]
 Radiative decays ϒ→γ+invisible
 BF(ϒ→γχχ )~10–5-10–4 [Yeghiyan, PRD 80, 115019 (2009)]

6
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ϒ(1S)invisible: Analysis Strategy

Additional non-peaking backgrounds
from e+e−γ∗γ∗e+e−π+π− not included

Sidebands Sidebands

}trigger

pmissϒ(3S) MC Only
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ϒ(1S)invisible: Signal Extraction
Maximum likelihood fit to 
2-track “invisible” sample
Non-peaking background: 
✔ Float all parameters and 
    yield
Peaking Component: 
✔ Fix shape, float yield
   Contains peaking    
   background and signal

BaBar: PRL103, 251801 (2009)

BR(ϒ(1S)invisible) = [ –1.6 ± 1.4 (stat.) ± 1.6 (syst.) ]×10–4 
BR(ϒ(1S)invisible) < 3.0×10–4 @ 90% C.L. [BaBar PRL103, 251801 (2009)]

BR(ϒ(1S)invisible) < 2.5×10–3 @ 90% C.L. [Belle PRL98, 132001 (2007)]

→ Strong constraint on models with DM below 4.5 GeV
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ϒ(1S)→γ+invisible
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Search for decay chain ϒ(2S)→π+π–ϒ(1S), 
ϒ(1S)→γ+invisible

Resonant (invisible=Higgs) or non-resonant 
(invisible=χχ, e.g. light dark matter)

Identify the event by two low-momentum 
pions from ϒ(1S)→π+π– transition, a single 
energetic photon, and large missing energy 

Two key kinematic variables: missing mass 
MX2, and dipion recoil mass

Simulated signal event

Search for excess of events over background 
as a function of missing mass
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Example: ϒ(2S)→π+π-ϒ(1S), ϒ(1S)→γA0, 
A0→invisible

Most significant peak in missing mass: mA0=7.58 GeV, 2.0σ significance

>30% probability to observe a peak of this significance anywhere in mA0<9.2 GeV range

ϒ(1S)→γKLKL

PRL 107, 021804 (2011)

π+π- Recoil Mass [GeV] Missing Mass Squared[GeV2]
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ϒ(1S)→γ+invisible Limits
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Resonant ϒ(1S)→γA0 search Non-resonant ϒ(1S)→γχχ search 

Best limits on radiative decays of ϒ(1S) to invisible final states

BABAR BABAR

PRL 107, 021804 (2011)



9/11/2013 Yury Kolomensky,TAUP-2013

Gauge Bosons in the “Dark Sector”
12
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Direct Search for Dark Sector 
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Search for Dark Higgs
• Extension of the dark sector 

models: dark Higgs
 Mass generation in dark 

sector
 Mass can be low
 Detect by Higgs-strahlung 

process e+e–→ A’h’
 Decays to A’ pairs
 Multi-particle (multi-lepton) 

final state
 Clean detection, virtually no 

QED background

14
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Dark Higgs Search
15
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6 events selected 
(18 combinations)

Consistent with 
background estimates
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Dark Higgs Limits
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limits. Constrain model space

PRL 108, 211801 (2012)
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Higgs Searches: e+e–→ϒ(2S,3S)γA0

• (Pseudo)scalar A0→μ+μ–, τ+τ–, 
hadrons

• Partially or fully-reconstructed final 
state: ≥2 charged tracks, 1 photon
Look for A0 decays as a narrow 
peak in photon energy or A0 
invariant mass
Also can be interpreted as search 
for a vector gauge boson (“dark 
photon”) in e+e–→γA’ 

Simulated ϒ→γA0, A0→μμ event

 ✔ A0µ+µ−, PRL103, 081803 (2009)
 ✔ A0τ+τ−,  PRL103, 181801 (2009)
 ✔ A0hadrons,  PRL107, 221803 (2011)
 ✔ A0invisible, arXiv:0808.0017

2

e−

e+

b

b̄

Υ(3S)

γ

χ

χ̄
A�(∗)

e−

e+

γ

χ

χ̄
A�(∗)

FIG. 1: γ+ /E production channels for LDM coupled through
a light mediator. (left) Resonant Υ(3S) production, followed
by decay to γ + χχ through an on- or off-shell mediator.
(right) The focus of this paper: non-resonant γ + χχ pro-
duction in e+e− collisions, through an on- or off-shell light
mediator A�(∗). (Note that in this paper, the symbol A� is
used for vector, pseudo-vector, scalar, and pseudo-scalar me-
diators.)

a mono-photon trigger during the entire course
of data taking.

The rest of the paper is organized as follows. In Sec. II

we give a brief theoretical overview of LDM coupled

through a light mediator. Sec. III contains a more de-

tailed discussion of the production of such LDM at low-

energy e+e− colliders. In Sec. IV we describe the BABAR
search [19], and extend the results to place constraints

on LDM. In Sec. V we compare our results to existing

constraints such as LEP, rare decays, beam-dump exper-

iments, and direct detection experiments. In Sec. VI we

estimate the reach of a similar search in a future e+e−

collider such as Belle II. We conclude in Sec. VII. A short

appendix shows the constraints on invisibly decaying hid-

den photons for some additional scenarios.

II. LIGHT DARK MATTER WITH A LIGHT
MEDIATOR

A LDM particle, in a hidden sector that couples weakly

to ordinary matter through a light, neutral boson (the

mediator), is part of many well-motivated frameworks

that have received significant theoretical and experimen-

tal attention in recent years, see e.g. [20–39] and refer-

ences therein. A light mediator may play a significant

role in setting the DM relic density [40, 41], or in alle-

viating possible problems with small-scale structure in

ΛCDM cosmology [42], and appears naturally in many

UV-motivated models.

The hidden sector may generally contain a multitude of

states with complicated interactions among themselves.

However, for the context of this paper, it is sufficient

to characterize it by a simple model with just two parti-

cles, the DM particle χ and the mediator A�
(which, with

abuse of notation, may refer to a generic (pseudo-)vector,

or (pseudo-)scalar, and does not necessarily indicate a

hidden photon), and four parameters:

(i) mχ (the DM mass)

(ii) mA� (the mediator mass)

(iii) ge (the coupling of the mediator to electrons)

(iv) gχ (the coupling of the mediator to DM).

In fact, in most of the parameter space only restricted

combinations of these four parameters are relevant for χχ
production in e+e− collisions; we describe this in more

detail in Sec. III. The spin and CP properties of the me-

diator and DM particles also have a (very) limited effect
on their production rates, but will have a more significant

effect on comparisons to other experimental constraints,

as will the couplings of the mediator to other SM parti-

cles. For the rest of the paper, the “dark matter” particle,

χ, can be taken to represent any hidden-sector state that

couples to the mediator and is invisible in detectors; in

particular, it does not have to be a (dominant) compo-

nent of the DM.

The simplest example of such a setup is DM that does

not interact through the SM forces, but that nevertheless

has interactions with ordinary matter through a hidden
photon. In this scenario, the A�

is the massive mediator of

a broken Abelian gauge group, U(1)
�
, in the hidden sec-

tor, and has a small kinetic mixing, ε/ cos θW , with SM

hypercharge, U(1)Y [22–24, 26, 40, 43, 44]. SM fermions

with charge qi couple to the A�
with coupling strength

ge = ε e qi. The variables ε, gχ, mχ, and mA� are the free

parameters of the model. We restrict the size of gχ to be

less than
√
4π in order to guarantee calculability of the

model. Such a constraint is also equivalent to imposing

ΓA�/mA� � 1 which is necessary for the A�
to have a par-

ticle description. We will refer in the following to this

restriction as the “perturbativity” constraint.

In this paper, we discuss this prototype model as well

as more general LDM models with vector, pseudo-vector,

scalar, and pseudo-scalar mediators. We stress that in

UV complete models, scalar and pseudo-scalar medi-

ators generically couple to SM fermions through mix-

ing with a Higgs boson, and consequently their cou-

pling to electrons is proportional to the electron Yukawa,

ge ∝ ye ∼ 3 × 10
−6

. As a result, low-energy e+e− col-

liders are realistically unlikely to be sensitive to them.

Nonetheless, since more intricate scalar sectors may al-

low for significantly larger couplings, we include them for

completeness.

For simplicity we consider only fermionic LDM, as the

differences between fermion and scalar production are

very minor. We do not consider models with a t-channel

mediator (such as light neutralino production through

selectron exchange). In these, the mediator would be

electrically charged and so could not be light.

III. PRODUCTION OF LIGHT DARK MATTER
AT e+e− COLLIDERS

Fig. 1 illustrates the production of γ + /E events at

low-energy e+e− colliders in LDM scenarios. The chan-

nel shown on the left of Fig. 1 is the resonant production

of a heavy meson such as Υ(3S), followed by its decay to

A0

Diagrams courtesy R. Essig et al.
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BABAR Higgs Coupling Limits

In NMSSM: gb = tan β cos θA
Comprehensive limits on low-mass (NMSSM etc.) Higgs
Also place significant constraints on other models, e.g. axion-like states, dark 
photons
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Summary and Outlook
• B Factories continue to provide significant constraints on 

dark-matter motivated new physics models
 Direct searches: unique sensitivity to low-mass new physics in 

high-statistics datasets
• Belle-II will increase statistics by ~100

 Combined with LHC and direct detection searches, these 
measurements will provide unique information on the dynamics 
and flavor structure of new physics 10
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FIG. 8: A comparison of the sensitivities of mono-photon searches and direct detection experiments to LDM, taking a 1 GeV

vector mediator for illustration. Constraints and projections are shown on the non-relativistic scattering cross-section of DM

with electrons (left), and with protons (right), assuming for the latter that the coupling of the mediator to SM particles is

proportional to their charge (as with a hidden photon). Existing direct detection bounds on proton scattering: CRESST [85]

(solid turquoise) and DAMIC [86] (solid purple). On electron scattering: XENON10 [87] (solid dark red). The dotted dark red

line shows a projection for a germanium-based electron recoil experiment [88]. The discontinuity at mχ = 500 MeV corresponds

to the transition between on-shell to off-shell light mediator regimes. In the latter regime we fix gχ =
√
4π (smaller gχ would

correspond to stronger bounds). The constraint from BABAR (this work) is shown as solid black line / blue shaded region.

LEP mono-photon searches [2] are shaded in gray. Limits from precision hidden photon searches are shown in green (see text).

For projected reach of Belle II mono-photon searches (blue lines) we use the “systematics limited” bound mχ > 500 MeV and

the converted mono-photon search otherwise (see Sec. VI). For mχ < 500 MeV, both the gχ =
√
4π and the gχ = ge (the

boundary between visibly- and invisibly-decaying mediators) cases are shown.

scalar, there is no generic expectation when the media-
tor couplings are not proportional to the fermion yukawa
couplings, and we do not show bounds in this case.

Under these assumptions one finds the cross-section for
a vector mediated DM-proton interaction to be,

σp =
µ2
χp

πΛ4
. (21)

Here µχp stands for the reduced DM-proton mass and the
vector hadronic form factors are fp

V u = 2/3, fp
V d = −1/3.

For a pseudo-vector mediated interaction, the cross sec-
tion is

σp =
3µ2

χp

πΛ4
∆2

p , (22)

where ∆p = 0.33 encodes the pseudo-vector hadronic
form factors for the light quarks in a proton [89].

The resulting direct detection limits on the non-
relativistic scattering cross-section of DM with electrons
and with protons from the BABAR search are shown in
Fig. 8. For the latter, the mediator is assumed to couple
to SM particles proportionally to their charge (as with
a hidden photon). Results are shown as a function of
mχ, for a fixed mediator mass of 1 GeV. The plots are
discontinuous for mχ = mA�/2 = 500MeV, due to the
transition between on-shell and off-shell mediator. In
the high DM mass region the bounds on gegχ can be di-
rectly translated into bounds on σe,p, while in the on-shell
case the bounds on ge are conservatively converted into

bounds on σe,p by assuming gχ =
√
4π (smaller gχ would

correspond to stronger bounds). In addition, constraints
from existing experiments are presented. The LEP mono-
photon searches [2] are shown for comparison as a gray
shaded region. The green line shows other bounds on
a hidden photon mediator: ε > 0.026 from precision
Z-pole measurements [46], and, for mχ > 500 MeV,
ε <∼ 1.5 × 10−3 from a search for Υ → γµ+µ− by
BABAR [45]. Finally limits from DM direct detections
experiments are also shown: the XENON10 limits [87]
(solid dark red) are presented for DM-electron scatter-
ing, while limits from CRESST [85] (solid turquoise)
and DAMIC [86] (solid purple) are shown in the DM-
proton case. The dotted dark red line shows a possible
projection for a germanium-based electron recoil experi-
ment [88], assuming a background-free scenario.
In each of the plots we demonstrate the projected

Belle-II sensitivity as discussed in Sec VI. For mχ >
500 MeV we show the “systematics limited” bound for
a light off-shell mediator, while for mχ < 500 MeV we
show the reach for a converted mono-photon search with
10× reduced γ/γ peak. In the latter case, the solid blue

line shows the conservative assumption gχ =
√
4π. The

dashed blue line assumes gχ = ge (the boundary between
visibly- and invisibly-decaying mediators), illustrating
how much more powerful mono-photon searches are than
direct detection experiments at constraining LDM with
small gχ.
The results above demonstrate the strength of low-

energy collider experiments in searching for DM in

R. Essig et al., to appear
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Backup
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BaBar Detector
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Belle Detector
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Physics achievements from the Belle experiment 9

Fig. 4. Integrated luminosity taken by
Belle.

The first non-Υ (4S) data were taken at the
energy of the Υ (5S) resonance for just three
days in 2005. In the same year, Υ (3S) res-
onance data were taken to search for invis-
ible decay modes of the Υ (1S) resonance.
The last Υ (4S) resonance data were taken
in June 2008. During the last two years of
operation, Υ (1S), Υ (2S), and Υ (5S) res-
onance data samples were taken as well as
energy scans between the Υ (4S) and Υ (6S)
resonances. The integrated luminosity col-
lected by Belle for each CM energy is listed
in Table I and is calculated using barrel
Bhabha events after removing bad runs,
which could not be used in physics anal-
ysis due to serious detector problems. The

systematic error in the luminosity measurement is about 1.4%; the statistical error is
usually small compared with the systematic error. Integrated luminosities for Υ (4S)
data are shown separately for the SVD1 and SVD2 data sets, which were taken
with different inner detector hardware configurations as described in the previous
subsection. Other resonance and scan data were taken in the SVD2 configuration.

Table I. Summary of the luminosity integrated by Belle, broken down by CM energy.

Resonance On-peak Off-peak Number of resonances
luminosity (fb−1) luminosity (fb−1)

Υ (1S) 5.7 1.8 102 ×106

Υ (2S) 24.9 1.7 158 ×106

Υ (3S) 2.9 0.25 11 ×106

Υ (4S) SVD1 140.0 15.6 152 ×106 BB̄
Υ (4S) SVD2 571.0 73.8 620 ×106 BB̄

Υ (5S) 121.4 1.7 7.1 ×106 BsB̄s

Scan 27.6

§3. CKM angle measurements

3.1. The Kobayashi–Maskawa model and unitarity triangle

The phenomenon of CP violation was one of the major unresolved issues in
elementary particle physics after its discovery in 1964 in neutral kaon decay.11) In
1973, M. Kobayashi and T. Maskawa proposed a model in which a quark-mixing
matrix among six quark flavors includes a single irreducible complex phase that
causes CP violation.12) Conventionally the quark-mixing matrix is written as:13)




Vud Vus Vub

Vcd Vcs Vcb

Vtd Vts Vtb



 =





1− λ2/2 λ Aλ3(ρ− iη)
−λ 1− λ2/2 Aλ2

Aλ3(1− ρ− iη) −Aλ2 1



+ o(λ4)(3.1)


